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We experimentally study the coherence time of a below-
threshold Raman laser in which the gain medium is a
gas of magneto-optically trapped atoms. The second-
order optical coherence exhibits photon bunching with
a correlation time which is varied by two orders of mag-
nitude by controlling the gain. Results are in good
agreement with a simple analytic model which sug-
gests the effect is dominated by gain, rather than disper-
sion, in this system. Cavity ring-down measurements
show the photon lifetime, related to the first-order co-
herence time, is also increased. © 2020 Optical Society of
America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
A hallmark of quantum optics is the phenomenon of photon
bunching observed in the two-time coincidence counts from a
thermal light source. The pioneering work of Hanbury Brown
and Twiss (HBT) in the context of stellar interferometry [1] is
now considered a key early milestone in the development of
the quantum theory of light in general and of optical coher-
ence in particular [2]. Today photon correlation spectroscopy
is in widespread use for characterizing complex media [3], and
pseudo-thermal light has been used to perform ghost imaging
without the need for entangled photon pairs [4].
Optical amplifiers can also exhibit bunching, in which case
the coherence time typically reflects the radiative properties of
the gain medium, rather than the size or motion of the source.
A laser is just a gain medium subject to feedback in an optical
resonator, and below the lasing threshold the emitted light still
shows bunching. Typically the atomic decay rate is much faster
than the photon decay rate of the cold (evacuated) cavity, a
scenario known as the good-cavity limit. Under these conditions,
the coherence time scales with the cold cavity lifetime, increasing
as the gain approaches threshold [5].
Lasers utilizing cold atomic vapors as gain media can lever-
age long atomic coherence times to enter the bad-cavity (or
good-atom) limit. In this regime, the strong normal dispersion
around the narrow gain resonance leads to slow group velocity
[6]; above threshold the quantum-limited linewidth is reduced
[7] and there can be a crossover from conventional lasing to
steady-state superradiance [8–12]. A variety of experiments with
cold atoms have demonstrated lasing with gain linewidths on
the order of, or even much narrower than, the cold cavity band-
width [13–22]. Using heterodyne spectroscopy, the first-order
coherence time has been measured for bad-cavity lasers using
cesium [13], rubidium [15], and strontium atoms [16–18]. The
second-order coherence was measured for potassium [19] and
ytterbium [20] atoms as a means to characterize the transition to
lasing; both experiments showed bunching below threshold, but
a systematic study of the corresponding coherence time remains
to be performed. In this letter, we measure the coherence time of
photon bunching in a cold-atom ring laser below threshold. Our
laser exploits Raman gain which arises during magneto-optical
trapping of potassium-39 atoms, in an intermediate regime be-
tween the good- and bad-cavity limits [19].The second-order
coherence time, determined by Hanbury Brown-Twiss interfer-
ometry, is increased over two orders of magnitude as the gain is
brought towards threshold. Measurements of cavity ring-down
(CRD) show that the photon lifetime, related to the first-order
coherence time, is also extended. Finally, prospects for observing
the effects of slow light are described.
The experiment has been described in detail elsewhere
[19, 23, 24], so only a brief outline will be given here. The
mode volume of a triangular ring cavity with a finesse of around
1700 intersects a magneto-optical trap (MOT) of potassium-39
atoms. The primary cooling transition is from the |42S1/2, F = 2〉
ground level to |42P3/2, F′ = 3′〉 (here F is the total angular mo-
mentum quantum number and the prime denotes an excited
level). Because of the relatively small hyperfine splittings among
the excited states, there is rapid optical depumping out of the
cooling cycle to the |F = 1〉 ground level. Despite the presence
of recycling light near-resonant with |1〉 → |F′〉, there remains
an effective population inversion relative to |F = 2〉 which leads
to Raman gain on |F′〉 → |2〉. The amplitude of the gain can
be adjusted by changing the flux of the atomic beam feeding
the MOT and the intensities and detunings of the cooling and
recycling light.
An example gain spectrum is shown in Fig. 1. The spectrum
was measured with the MOT running, using an independent
probe laser propagating at a small angle to the cavity axis. This
spectrum is intended primarily for illustration — the peak gain
here far exceeds the 0.36% needed to reach the lasing threshold
in our system, but as the cavity mode only intersects ∼ 0.5% of
the atoms in the MOT, the effects of saturation are not appar-
ent. Also note the observed linewidth is dominated by relative
frequency fluctuations between the probe and Raman pump
lasers. The intrinsic linewidth includes homogeneous broaden-
ing due to optical pumping and inhomogeneous broadening
due to Zeeman and Doppler shifts. These effects vary with the
MOT conditions in nontrivial ways, but the gain linewidth γ
is expected to be of the same order of magnitude as the cold
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Fig. 1. (a) Fractional transmission spectrum of magneto-
optically trapped potassium-39. Transmission greater than
1 corresponds to gain, and less than 1 to absorption. The probe
detuning is referenced to the largest absorption feature, cor-
responding to the |F = 2〉 → |F′ = 3′〉 transition; the next
biggest absorption feature is |2〉 → |2′〉, and |2〉 → |1′〉 is ev-
ident as a slight distortion between the |2〉 → |2′〉 resonance
and the Raman gain peak (indicated by the arrow).
cavity linewidth κ in our experiment. Further details of the gain
mechanism and transmission measurements were reported in
[24].
The second-order optical coherence of the Raman ring laser
was previously measured above and below threshold [19]. Be-
low threshold, the fluorescence exhibited photon bunching with
a coherence time exceeding both of the ’natural’ decoherence
times in the system, namely the radiative lifetime of the upper
atomic state (26 ns), and the photon lifetime of the cold cavity
(κ−1 = 86 ns). We attributed this to the presence of gain, which
mitigates the effect of losses at the cavity mirrors. This conclu-
sion is supported by a toy model where the gain medium is
treated as a reservoir of inverted oscillators, and is consistent
with a more detailed treatment aimed at describing conventional
lasers, where the atomic coherence time is explicitly considered
negligible compared to the cavity lifetime [5].
To obtain an expression for the coherence time of a below-
threshold laser which remains valid as one enters the bad-cavity
regime, we first assume the gain medium comprises a large
number of statistically independent emitters. Then the first- and
second-order coherence are related by g(2)(τ) = 1+ |g(1)(τ)|2,
where τ is the correlation delay time [25]. This implies the first-
and second-order coherence times are trivially related. In fact,
a calculation following the one in [26] shows that the cavity
ring-down signal is proportional to |g(1)|2 after an initial tran-
sient delay. In the experiments described here, CRD and HBT
therefore effectively measure the same coherence time, τc, which
can be calculated by considering the photon decay time in the
loaded cavity. Ignoring saturation, the small change in mean
cavity photon number n following a single pass through the gain
medium and around the ring cavity is [27],
δn = G(n+ 1)−Ln ,
where G is the fractional single-pass gain and L the total cavity
losses (including transmission). The time it takes for light to
traverse the round trip is δt = n¯gt0 [6, 26, 28–30], where n¯g is the
group index averaged over the full round trip and t0 is the cold-
cavity transit time. For a simple Lorentzian gain feature with
full-width at half-maximum γ, the arguments presented in [31]
can be extended to find n¯g = 1+ p κ/γ, where p = G/L < 1 is
the pumping parameter. Approaching threshold (p → 1), this
is equivalent to expressions derived previously for slow-light
[6] and superradiant [15] lasers. Taking n˙ ' δn/δt, and using
κ = L/t0, we finally obtain the steady-state photon number
n0 = p/(1− p) and the photon number decay time,
τc =
1
κ
1+ p κ/γ
1− p . (1)
It is now clear how gain amplitude and linewidth affect the
coherence time. Standard calculations of τc in the context of
either laser theory or cavity ringdown assume, explicitly or
implicitly, the good-cavity limit (κ  γ), for which n¯g → 1
independent of gain. In the bad-cavity limit, the coherence time
is determined solely by the gain amplitude and linewidth.
To measure g(2)(τ), the MOT was operated in steady state
with the cooling beam intensity reduced to bring the Raman
gain below the threshold for lasing. Under these conditions,
amplified spontaneous emission circulates in both directions
around the ring cavity; there can be several transverse electro-
magnetic modes but only one linear polarization is resonant for
a given cavity length [23]. Light propagating in one direction
and emitted from one of two identical output mirrors was cou-
pled into a single mode fiber that selectively filtered out all but
the TEM00 cavity mode. The fiber output was directed to an
HBT interferometer consisting of a 50/50 beam splitter and a
pair of single-photon counting module (SPCMs). Photon counts
were collected for approximately 60 s, and lists of timestamps
from each counter were recorded. For measurements with very
low count rates, photons were collected for longer times of up
to 120 s in order to ensure that enough counts were collected
to get reasonable statistics. The lists of time stamps were then
split into segments of 5 µs length and the correlation between
the two channels was calculated for each segment. Finally, these
correlations were averaged over all segments and normalized to
the mean count rates to give g(2)(τ).
The time scale associated with the classical intensity fluctu-
ations of the below-threshold Raman laser (∼ 1 ms) is much
longer than the expected coherence time, so g(2)(τ) would
not be expected to go from exactly 2 to 1 over short times.
It can be shown that a thermal state with added intensity
noise exhibits a second-order coherence of the form g(2)(τ) =
A[1+ exp(−τ/τc)], where A depends on the statistical proper-
ties of the long-time fluctuations. This function was fitted to
the g(2)(τ) data with τc and A as free parameters. Figure 2(a)
shows examples for low and high gains (plotted in blue and red,
respectively). For these sets of data A ' 1, and the coherence
times were 2.18(15) κ−1 and 15.1(5) κ−1 (numbers in parenthe-
ses reflect uncertainties from fits and the previous determination
of κ [23]).
Equation (1) shows how τc varies with gain, but the values of
G in our experiment are too small to measure directly from spec-
tra such as the one in Fig. 1. Since the steady-state cavity photon
number n0 is a monotonic function of p, we can use the count
rate as a proxy for the gain. The detected count rate is m˙ = ηκn0,
where η is the total efficiency (including the fraction of cavity
light which is transmitted through one output mirror, coupling
into the single-mode fibre, losses, and the quantum efficiency of
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Fig. 2. Photon bunching in the presence of gain. (a) Second-
order coherence for low and high gain (blue triangles and
red circles, respectively). The fitted coherence times are
2.18(15) κ−1 and 15.1(5) κ−1. (b) Normalized coherence time
(κτc) as a function of mean count rate (m˙). The solid curve is a
fit to Eq.(2), with the slope as the only free parameter.
the SPCMs). Expressing Eq.(1) in terms of the measured count
rate, the normalized coherence time is,
κτc = 1+
(
1+
κ
γ
)
m˙
ηκ
. (2)
Figure 2(b) shows κτc as a function of count rate. The solid curve
is a fit to Eq.(2) with the slope as the sole free parameter. The
results are in good agreement with Eq.(2) over two orders of
magnitude in count rate and coherence time. The fitted slope
is about twice what we expect from our estimates of the gain
linewidth (γ ∼ κ) and detection efficiency (we have measured
η = 1.6%, not including an estimated factor of ∼ 0.35 to account
for the fraction of all cavity losses corresponding to transmission
through a single output mirror). However, the measurements
presented here were performed with low MOT light intensity
to keep the gain below the lasing threshold. This proportion-
ally reduces the homogeneous broadening, and is expected to
reduce the MOT temperature and radius [32] — and therefore
the Doppler and Zeeman broadening, respectively — in which
case a threshold group index of 4 seems reasonable (that is,
γ = 2pi × 600 kHz). Unfortunately, the atomic densities here are
too low to confirm this directly via time-of-flight imaging.
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Fig. 3. Cavity ring-down in the presence of atoms. (a) The
upper red curve shows a ring-down curve where the cavity is
resonant with the gain peak. An exponential fit (not shown)
yields a coherence time of 1.83(7) κ−1. The lower blue curve
shows a ring-down measurement with the cavity red-detuned
from the gain line by 6.6 MHz, for which τc = 1.04(3) κ−1.
As discussed above, a similar effect should be observed in
the first-order coherence time. We measured the photon lifetime
— equal to half the first-order coherence time — by performing
cavity ring-down measurements. While the MOT was running, a
relatively bright probe beam (20 nW) was incident on the cavity
and the transmitted probe (along with the much weaker fluores-
cence) was directed to an analog avalanche photodiode (APD).
To observe the effect of gain on the decay time constant, the
probe was locked on resonance with the gain peak highlighted
in Fig. 1. Due to AC Stark shifts induced by the cooling light,
the gain peak frequency is not precisely known. Lasing from
the intracavity MOT was therefore used as a guide in order to
ensure the probe was resonant with the gain. The gain was then
reduced until it was back below threshold. Finally, the probe was
abruptly switched off using an acousto-optic modulator, and the
intensity of the decaying cavity emission was monitored on the
APD. This procedure was repeated and averaged 8192 times for
each value of gain in order to improve the signal-to-noise ratio.
Cavity ring-down traces are shown in Fig. 3. In the presence
of gain (red curve) the time constant of the exponential decay,
corresponding to τc, was 1.83(7) κ−1. For comparison, the probe
was then red-detuned from the gain resonance by 6.6 MHz, and
the cavity length changed such that transmission was maximized
for the new probe frequency. None of the MOT parameters
were altered for the second measurement, so that the resonant
optical density of the cloud was the same. Figure 1 suggests
the transmission through the MOT should be near unity at the
second probe frequency, and therefore the CRD time constant
should approach that of the cold cavity. The result, shown as the
blue curve in Fig. 3, gives τc = 1.04(3) κ−1.
To conclude, we have studied the coherence time of a cold-
atom laser below threshold. The laser operates in the crossover
regime between good- and bad-cavity limits. The second-order
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coherence was measured in a Hanbury Brown-Twiss interferom-
eter. Photon bunching was observed with a coherence time
which varied over two orders of magnitude as the gain ap-
proached threshold. The results are in good agreement with
a simple analytic formula which shows that the extended coher-
ence under these conditions is dominated by gain rather than
dispersion. The first-order coherence was studied through cavity
ring-down measurements, which exhibited similar behavior.
The smallest effects here represent single-pass gains on the
order of 10−3. This suggests that coherence time can be a power-
ful diagnostic for characterizing extremely small gains. We find
HBT superior to CRD in this respect. First, it does not require the
addition of a relatively bright probe beam, so that it is essentially
non-perturbative. Second, in the absence of the probe, the gain
can be estimated via the mean count rate of photons from the
amplified spontaneous emission. Finally, the HBT interferome-
try is more robust with respect to classical intensity noise arising
primarily from variations in the MOT, as it is possible to build
up histograms from relative short segments of data. The overall
dynamic range of the HBT measurements far exceeded what
was possible with CRD in our experiment.
In the future we would like to observe a greater slow-light
effect. The gain linewidth is currently dominated by the con-
ditions of the operating MOT, including intense near-resonant
light scattering, significant Doppler broadening, and a distri-
bution of Zeeman states in a spatially-varying magnetic field.
By loading the atoms into an intracavity optical dipole trap, it
should be possible to reach group indices on the order of 104 [15].
This would allow us to study the coherence deep into the bad-
cavity limit, and to verify theoretical predictions of second-order
coherence during steady-state superradiance [9].
ACKNOWLEDGMENTS
We are grateful to G. Barontini for feedback on the manuscript,
and to V. Boyer for the loan of equipment and useful discussions.
REFERENCES
1. R. Hanbury Brown and R. Q. Twiss, “A Test of a New Type of Stellar
Interferometer on Sirius,” Nature 178, 1046–1048 (1956).
2. R. J. Glauber, “The Quantum Theory of Optical Coherence,”
Phys. Rev. 130, 2529–2539 (1963).
3. B. J. Berne and R. Pecora, Dynamic Light Scattering: With Applications
to Chemistry, Biology and Physics, (Dover, 2000).
4. A. Valencia, G. Scarcelli, M. D’Angelo, and Y. Shih, “Ghost Imaging
with Thermal Light,” Phys. Rev. Lett. 94, 063601-1–4 (2005).
5. H. Haken, Laser Light Dynamics, (North Holland, 1986).
6. M. P. van Exter, S. J. M. Kuppens, and J. P. Woerdman, “Theory for the
linewidth of a bad-cavity laser,” Phys. Rev. A 51, 809–816 (1995).
7. S. J. M. Kuppens, M. P. van Exter, and J. P. Woerdman, “Quantum-
Limited Linewidth of a Bad-Cavity Laser,” Phys. Rev. Lett. 72, 3815–
3818 (1994).
8. D. Meiser, J. Ye, D. R. Carlson, and M. J. Holland, “Prospects for a
Millihertz-Linewidth Laser,” Phys. Rev. Lett. 102, 163601-1–4 (2009).
9. D. Meiser and M. J. Holland, “Intensity fluctuations in steady-state
superradiance,” Phys. Rev. A 81, 063827-1–7 (2010).
10. E. Mascarenhas, D. Gerace, M. França Santos, and A. Auffèves, “Coop-
erativity of a few quantum emitters in a single-mode cavity,” Phys. Rev. A
88 063825-1–7 (2013).
11. D. A. Tieri, M. Xu, D. Meiser, J. Cooper, and M. J. Holland, “The-
ory of the crossover from lasing to steady state superradiance,”
arXiv:1702.04830 (2017).
12. K. Debnath, Y. Zhang, and K. Mølmer, “Lasing in the superradiant
crossover regime,” Phys. Rev. A 98, 063837-1–6 (2018).
13. L. Hilico, C. Fabre, and E. Giacobino, “Operation of a ‘Cold-Atom Laser’
in a Magneto-Optical Trap,” Europhys. Lett. 18, 685–688 (1992).
14. W. Guerin, F. Michaud, and R. Kaiser, “Mechanisms for Lasing with
Cold Atoms as the Gain Medium,” Phys. Rev. Lett. 101, 093002-1–4
(2008).
15. J. G. Bohnet, Z. Chen, J. M. Weiner, D. Meiser, M. J. Holland, and
J. K. Thompson, “A steady-state superradiant laser with less than one
intracavity photon,” Nature 484, 78–81 (2012).
16. M. A. Norcia and J. K. Thompson, “Cold-Strontium Laser in the Super-
radiant Crossover Regime,” Phys. Rev. X 6, 011025-1–6 (2016).
17. M. A. Norcia, M. N. Winchester, J. R. K. Cline, and J. K. Thompson,
“Superradiance on the millihertz linewidth strontium clock transition,”
Sci. Adv. 2, w1601231 (2016).
18. M. A. Norcia, J. R. K. Cline, J. A. Muniz, J. M. Robinson, R. B. Hut-
son, A. Goban, G. E. Marti, J. Ye, and J. K. Thompson, “Frequency
Measurements of Superradiance from the Strontium Clock Transition,”
Phys. Rev. X 8, 021036-1–12 (2018).
19. B. Megyeri, G. Harvie, A. Lampis, and J. Goldwin, “Directional Bista-
bility and Nonreciprocal Lasing with Cold Atoms in a Ring Cavity,”
Phys. Rev. Lett. 121, 163603-1–5 (2018).
20. H. Gothe, D. Sholokhov, A. Breunig, M. Steinel, and J. Eschner,
“Continuous-wave virtual-state lasing from cold ytterbium atoms,”
Phys. Rev. A 99, 013415-1–5 (2019).
21. T. Laske, H. Winter, and A. Hemmerich, “Pulse Delay Time Statistics
in a Superradiant Laser with Calcium Atoms,” Phys. Rev. Lett. 123,
103601-1–5 (2019).
22. S. A. Schäffer, M. Tang, M. R. Henriksen, A. A. Jørgensen,
B. T. R. Christensen, and J. W. Thomsen, “Lasing on a narrow transition
in a cold thermal strontium ensemble,” Phys. Rev. A 101, 013819-1–9
(2020).
23. R. Culver, A. Lampis, B. Megyeri, K. Pahwa, L. Mudarikwa, M. Holynski,
Ph. W. Courteille, and J. Goldwin, “Collective strong coupling of cold
potassium atoms in a ring cavity,” New J. Phys. 18, 113043 (2016).
24. G. Harvie, A. Butcher, and J. Goldwin, “In situ Raman gain be-
tween hyperfine ground states in a potassium magneto-optical trap,”
Phys. Rev. A 100, 033408-1–6 (2019).
25. R. Loudon, The Quantum Theory of Light, 3rd ed. (Oxford University
Press, 2000).
26. T. Lauprêtre, S. Schwartz, R. Ghosh, I. Carusotto, F. Goldfarb, F. Brete-
naker, “Anomalous ring-down effects and breakdown of the decay rate
concept in optical cavities with negative group delay,” New J. Phys. 14,
043012 (2012).
27. M. O. Scully and M. S. Zubairy, Quantum Optics, 6th ed. (Cambridge
University Press, 2008).
28. D. J. Goorskey, H. Wang, W. H. Burkett, and M. Xiao, “Effects of a highly
dispersive atomic medium inside an optical ring cavity,” J. Mod. Opt. 49,
305-317 (2002).
29. W. Yang, A. Joshi, and M. Xiao, “Enhancement of the cavity ringdown ef-
fect based on electromagnetically induced transparency,” Opt. Lett. 29,
2133-2135 (2004).
30. T. Lauprêtre, C. Proux, R. Ghosh, S. Schwartz, F. Goldfarb, F. Brete-
naker, “Photon lifetime in a cavity containing a slow-light medium,”
Opt. Lett. 36, 1551–1553 (2011).
31. B. Megyeri, A. Lampis, G. Harvie, R. Culver, and J. Goldwin, “Why
material slow light does not improve cavity-enhanced atom detection,”
J. Mod. Opt. 65, 185–191 (2018).
32. C. G. Townsend, N. H. Edwards, C. J. Cooper, K. P. Zetie, C. J. Foot,
A. M. Steane, P. Szriftgiser, H. Perrin, and J. Dalibard, “Phase-space
density in the magneto-optical trap,” Phys. Rev. A 52, 1423–1440
(1995).
